Drug addiction has serious health and social consequences. In the last 50 years, a wide range of techniques have been developed to model specific aspects of drug-taking behaviors and have greatly contributed to the understanding of the neurobiological basis of drug abuse and addiction. In the last two decades, new models have been proposed in an attempt to capture the more genuine aspects of addiction-like behaviors in laboratory animals. The goal of the present review is to provide an overview of the preclinical procedures used to study drug abuse and dependence and describe recent progress that has been made in studying more specific aspects of addictive behavior in animals.
Introduction
Drug addiction is an immense social challenge, not only because of its health-related consequences but also because of its socioeconomic and legal impact on society. Addiction is a human phenomenon that cannot be reproduced in a laboratory setting without unavoidable constraints. However, some of the behavioral characteristics of this syndrome can be satisfactorily modeled in laboratory animals. In this way, a wide range of techniques have been developed to model specific aspects of drug-taking behaviors. 1, 2 The possibility of studying these behaviors in animals has contributed to the understanding of the neurobiological basis of drug taking and of the brain systems involved in the reward properties of psychoactive substances. However, the major goal of drug abuse research is to uncover the mechanisms of addiction; thus, in the last two decades, new models have been proposed in an attempt to capture the more genuine aspects of addiction-like behaviors in laboratory animals. 2 The goal of the present review is to provide an overview of the preclinical procedures used to study drug abuse and dependence and describe recent progress that has been made in studying more specific aspects of addictive behavior in animals.
Free-choice bottle model
The free-choice bottle model is a non-operant selfadministration method restricted to the oral route of administration and most frequently used in alcohol addiction research. This method is noninvasive, technically simple, and uses the route of administration whereby humans consume ethanol. Oral ethanol selfadministration methods present face and construct validity as a model of human alcohol consumption, since subjects can choose whether to drink alcohol as well as the amount ingested over the time of exposure. This model can be used to investigate the short-or long-term consequences of exposure to ethanol, as well as the neurobiological mechanisms related to alcohol abuse and addiction. 1 In addition, these methods can also be useful to prospect pharmacological treatments for prevention of excessive alcohol drinking, which points to their predictive validity. 3 Richter & Campbell, 4 in1940, were the first to report that laboratory rats voluntarily consume ethanol. They showed that rats allocate their drinking between a water bottle and a bottle containing a dilute ethanol solution, which originated the two-bottle preference test. Alcohol consumption by rodents is commonly assessed by this technique, in which alcohol and water solutions are available in their home cages, with food available ad libitum. Alternatively, animals can have concurrent access to water and several other bottles containing different concentrations of ethanol. The free-choice method, using one or more bottles to offer ethanol, is useful to estimate voluntary and spontaneous intake, as the animal is not forced to drink the liquid. 5 In general, it has been shown that alcohol consumption increases when a higher number of alternative alcohol solutions are presented. 6 Measurement of ethanol intake is usually performed by weighing water and ethanol bottles once every 24 hours. Alcohol preference is defined in terms of ethanol intake in g ethanol/kg body weight/day, and percentage of total fluid consumed. 7 However, the effects of ethanol depend not only on the total amount of ethanol consumed by a rat or mouse within 24 hours but also on the time course and pattern of drinking, measured respectively by the frequency of approaches to an ethanol solution and by the amount consumed per drinking approach. 8 The use of both criteria is intended to eliminate bias of animals with apparent high alcohol consumption because of small body weight or high fluid intake.
Rodents studied under the condition of continuous access to the solutions generally do not drink enough to attain ethanol blood concentrations above 80 mg/dL (rats) or 100 mg/dL (mice), which can be considered excessive drinking in rats and mice, respectively. 9, 10 It has been shown that ethanol consumption increases with intermittent access. The model of intermittent access (every other 24-hour period) to ethanol in rats led to drinking patterns of high ethanol consumption (9 g/kg/day). 11 Much evidence suggests that allowing access to ethanol on an intermittent basis may provide a methodological means of enhancing intake. 12 Alcohol concentration is another critical issue in these procedures, since low concentrations could be consumed because of their mildly sweet taste and high concentrations rejected because of their aversive taste. Thus, it is usually considered that ethanol concentrations below 4% (v/v) will not create blood concentrations high enough to cause relevant pharmacological effects, and that a concentration in the range of 8-12% is a suitable standard for consumption by rodents. As most rodent strains usually do not drink from highly concentrated ethanol solutions, several procedures have been developed to train rodents to orally self-administer pharmacologically relevant amounts of alcohol, including the presentation of ascending concentrations of ethanol and the restriction of a time period of forced exposure to ethanol. 1, 6 Another way to increase ethanol consumption involves the manipulation of the incentive value of the solution by increasing its palatability; this can be achieved by adding a sweet flavoring agent, such as sucrose or saccharin, to the ethanol solution. The concentration of the sweetener can be kept constant or progressively decreased over the exposure period. 12 It is important to note that since the late 1940s, rodent strains have been created by selective breeding for high ethanol preference. Since then, several strains of rats and mice have been selected for high vs. low ethanol preference and used in hundreds of publications in the field of alcohol addiction. 13 
Liquid diet
In the classic study of Lieber & DeCarli, 14 ethanol was added in high concentrations to a liquid diet that was the sole source of nutrition, forcing rats or mice to take the ethanol contained in the diet. The diet was composed in such a way that its nutritional value overcame the aversive gustatory properties of alcohol and produced alcohol intakes of up to 14-16 g/kg/day.
In a more recent study performed by Gilpin et al., 15 rats were allowed ad libitum access to a 9.2% (v/v) ethanolliquid diet in which 41% of diet calories were derived from ethanol. The authors showed that the mean daily intake of the 9.2% (v/v) alcohol-liquid diet was 79.0463.64 mL across all days of the experiment, which was equivalent to an ethanol intake of 9.5260.27 g/kg/day. The mean resultant blood alcohol concentrations were 352 mg/dL, measured two hours after the beginning of the dark cycle, and near 80 mg/dL 8 hours after the beginning of the light cycle. Thus, although consumption of the liquid diet is lower during the light phase, rats consumed enough to maintain pharmacologically relevant blood alcohol concentrations. The intake of ethanol during the liquid-diet exposure was also able to elevate operant alcohol responding when rats were tested during withdrawal from the liquid diet.
Besides the ability to produce a specific constellation of somatic withdrawal symptoms in otherwise healthy animals, 16, 17 and enabling study of the reinforcing and motivational properties of ethanol, 15 the technique of feeding alcohol as part of a liquid diet leads to blood alcohol levels that mimic clinical conditions and allows experimental duplications of many pathological complications caused by alcohol, such as alcoholic fatty liver disease, various alcohol-induced metabolic derangements, and the interaction of ethanol with industrial solvents, many commonly used drugs, and nutrients. 18 
Alcohol vapor
The alcohol vapor inhalation model was developed in an attempt to induce a state of alcohol dependence. 19, 20 The protocol employs alcohol vapor inhalation systems that are commercially available to expose rats or mice to ethanol vapor. Alcohol vapor inhalation is a noninvasive procedure that allows control of the dose, duration, and pattern of exposure as determined by the experimenter, and is not limited by the predisposition of an animal to voluntarily consume alcohol. Upon cessation of alcohol vapor exposure, animals exhibit signs of tolerance and physical dependence and may be tested for a multitude of motivational, acute withdrawal-and protracted abstinence-related behaviors. 21 Gilpin et al. 15 exposed rats to alcohol vapor for 4 hours and measured alcohol concentration in brain dialysates and blood samples collected from the tail vein at 30-minute intervals during the 4-hour exposure, as well as 8 hours following termination of alcohol vapor exposure. They found that the maximum levels of alcohol attained in blood and brain during vapor exposure were 208615 mg/ dL and 215625 mg/dL respectively. Eight hours after cessation of alcohol vapor exposure, blood-and brainalcohol levels returned to the pre-vapor baseline, approximately 0%.
Gilpin et al. 15 also exposed rats to chronic intermittent alcohol vapor to model the human condition in which alcohol exposure occurs in a series of extended intakes followed by periods of withdrawal. Vapor was delivered on an intermittent schedule (on at 6:00 p.m., off at 8:00 a.m.) for a period of 4 weeks. Chronic exposure to intermittent vapor elicits higher alcohol administration than continuous vapor exposure. 22 Blood alcohol levels were assessed via tail vein sampling, and evaporated ethanol values (mL/h) into the vapor chamber were adjusted as necessary to maintain blood levels of alcohol in the 125-250 mg/dL range. The authors employed operant procedures to test the motivational aspects of alcohol dependence. Vapor exposure increased operant responses for 10% w/v oral alcohol when rats were tested at 6-8 hours of withdrawal during representative postvapor test days. Previous studies using the chronic intermittent alcohol vapor model showed that motivational symptoms of dependence are present in rats at acute withdrawal time points, as evidenced by increased anxiety-like behavior, increased alcohol drinking, and increased willingness to work for alcohol early during acute withdrawal, even when animals still have alcohol in their blood from vapor exposure. [21] [22] [23] [24] [25] All animal models of alcohol dependence are, in fact, models of components of alcohol dependence.
The vapor exposure model has weak face validity, since the animals are forced to consume ethanol. The most interesting aspect of this model is its predictive validity (how well the animal model predicts mechanisms and potential treatments for the human condition). For example, acamprosate, a drug that blocks relapse drinking in human alcoholics via suppression of craving, effectively suppresses alcohol drinking by rats made dependent on alcohol via vapor inhalation, but not in nondependent controls that had not been exposed to alcohol vapor. 26 
Operant self-administration
The most direct procedure to evaluate the reinforcing properties of a substance is to test whether animals will work (in general, this means to lever press) to obtain the substance. The use of drug self-administration models to study addiction is based on the assumption that drugs act as reinforcers; that is, they increase the likelihood of the behavior that results in their delivery. Thus, drug selfadministration is viewed as an operant response reinforced by the effects of the drug, and it is a common procedure to study voluntary drug intake in laboratory animals. Under this procedure, an animal performs a response, such as pressing a lever, which delivers a dose of a drug. It is assumed that drugs have functional similarities with other reinforcers --such as food --that have traditionally been studied in the field of operant conditioning by Skinner in the 1930s. 27 Operant conditioning has been applied as an animal model of drug addiction since the 1960s. Weeks 28 described, in 1962, a technique for intravenous selfadministration of morphine in the rat. Since then, operant self-administration has been shown for heroin, 29, 30 cocaine, [31] [32] [33] amphetamine, 34 nicotine, [35] [36] [37] ethanol, [38] [39] [40] and delta-9-THC.
41
Intravenous self-administration is considered the most reliable and predictive experimental model for evaluation of drug-reinforcing effects in animals. 27 This method exhibits high face and predictive validity for evaluation of the reinforcing properties of drugs. However, evaluation of the predictive validity of self-administration models for detecting potential therapeutic effects of substances in the treatment of drug addiction is limited by the fact that very few medications are available for this purpose, and, at the present time, are almost completely restricted to alcohol or cigarette smoking. 1, 27 The apparatus used in conducting an operant drug selfadministration procedure consist of commercially available chambers known as operant boxes or Skinner boxes. The chamber has a panel equipped with levers that are pressed by the animal and transmit the response that will activate an infusion pump and deliver a dose of the drug. Other systems based on other responses, such as nose-poking for mice or disk-pecking for pigeons, can be also used. The delivery of the drug can be programmed to match the occurrence of other events, such as lights or tones, as discriminative stimuli and/or secondary reinforcers. The drug is commonly delivered via an intravenous catheter, although other routes can also be used, such as the oral route for ethanol or inhalation for nicotine. 27, 36 Intravenous self-administration involves surgical implantation of a catheter into the jugular vein. The catheter is passed subcutaneously to the rat's back, where it exits through a small incision and is affixed to a plastic pedestal that can be mounted inside a harness system. After surgery, the animals are allowed to recover for several days in their home cages, with free access to food and water, before the start of the conditioning procedure. A hole in the ceiling of the operant chamber allows the passage and free movement of the tethered catheter, which is connected to a counterbalanced swivel and an infusion pump. 27, 36 The first phase of this model is acquisition of the operant behavior. To this end, animals are trained in a continuous reinforcement in which each response (lever pressing) is reinforced with the delivery of a infusion of the drug (intravenous self-administration) or a drop of the solution (oral self-administration). The acquisition of drug self-administration is sensitive to environmental and pharmacological manipulations. For example, Covington & Miczek 42 reported that a significantly greater proportion of rats previously exposed to cocaine (15.0 mg/kg intraperitoneally, once daily for 10 days) acquired cocaine self-administration than control animals that received pretreatment with saline.
In the self-administration paradigm, progressive ratio (PR) schedules are used to assess the motivation to obtain a drug. A PR schedule of reinforcement is implemented through an increase in the number of responses required to obtain the delivery of the drug infusion. For example, Richardson & Roberts 43 proposed an algorithm for each successive cocaine infusion in order to produce a series of increasing response demands that would start with a ratio of one and escalate quickly enough so that the rat would not meet a successive response criterion within 60 minutes, during a 5-hour session. The ratio progression was 1, 2, 4, 6, 9, 12, 15, 20, 25, 32, 40, 50, 62, 77, 95, 118, 145, 178... The last completed ratio, which results in the final infusion, is defined as the breaking point. In the self-administration protocol, the breaking point under PR schedules reflects the motivation of the animal to self-administer the drug.
Recently, we used the PR schedule to assess possible elevations in the breaking point for provision of intravenous nicotine in animals pre-exposed to variable stress.
After the acquisition and maintenance phase, selfadministration according to a PR schedule of drug reinforcement was assessed. The progression of response requirements followed the algorithm 1, 2, 4, 6, 8, 10, 12, 14, 16, 18, 20, 22, 24, 26. .. Rats had 60 minutes to successfully complete each ratio requirement. The final infusion delivered was defined as the breaking point. 36, 37 In our study, PR schedules revealed a significant increase in breaking points in rats pre-exposed to stress relative to controls, suggesting that exposure to stress can increase motivation for nicotine self-administration. These data are consistent with other findings showing that exposure to four episodes of defeat stress increases the cocaine breaking point during a PR schedule. 42 Similarly, it has been demonstrated that rats exposed to foot-shock stress had increased PR breaking points for heroin relative to their controls. 44 The self-administration protocol can be also used to measure the reinforcing effects of drugs under conditions of prolonged access (commonly 24 hours) in a continuous reinforcement schedule, which is known as a binge. Results from our laboratory showed that pretreatment with cocaine increased nicotine intake in a 24-hour binge session of intravenous nicotine self-administration. 37 The main disadvantage of self-administration procedures is that they are time-consuming and relatively expensive in comparison with other methods. In addition, long-term studies using the intravenous route in rodents are limited by the duration of the implanted catheters. 27 
Place conditioning
In the conditioned preference procedure, the effects of the drug, which are presumed to act mainly as the unconditioned stimulus (US), are repeatedly paired with a previously neutral stimulus. In this process, which is Pavlovian in nature, the neutral stimulus acquires the ability to act as a conditioned stimulus (CS). Thereafter, this CS will be able to elicit approach behavior when the drug has appetitive properties. The most common methods used to study conditioned preference apply an environmental stimulus as the CS and are referred to as conditioned place preference (CPP). The testing apparatus for the CPP paradigm usually consists of boxes with two distinct compartments, separated by guillotine doors, which differ in the stimulus dimensions. For example, the compartments may differ in flooring, wall color, pattern, or olfactory cues. 45 A third (neutral) compartment that will not be paired with the drug is also commonly present in the apparatus. 46 A typical CPP protocol consists of three phases: preconditioning, conditioning, and post-conditioning (test). In the pre-conditioning phase, each animal (rat or mouse) is placed in the neutral compartment with the guillotine doors removed to allow access to the entire apparatus for 15 minutes for 3 days. On day 3, the animal is placed in the apparatus and the time spent in each compartment is recorded. For the conditioning phase, the compartments are isolated by the guillotine doors and the same animal receives alternate injections of the drug and its vehicle. The drug injection is paired with a specific compartment and the vehicle injection with the alternative one. Immediately after each injection, the animal is confined for 30-40 minutes in the corresponding compartment. For the conditioning test, the animal is placed in the neutral compartment with the guillotine doors removed to allow access to the entire apparatus. The time spent in each compartment is recorded for 15 minutes as described for the pre-conditioning phase; the test is performed in a drug-free condition. 46 An increase in the time spent in the compartment paired with the effect of the drug indicates the development of CPP and, thus, the appetitive effect of the drug.
CPP has been reported to all drugs that cause dependence in humans; however, results are more robust for opiates and psychostimulants. 45 
Animal studies of addictive behavior
The use of the models described above has significantly increased our comprehension of the neurobiological basis of drug taking. However, the main purpose of drug abuse research is to focus on the mechanisms of addiction. Addiction is not just the taking of drugs, but the maintenance of compulsive drug use despite adverse consequences. The loss of control results in higher drug consumption, in compulsive drug seeking, and in inability to abstain from its use. Thus, in recent years, great efforts have been made to use the self-administration method to model more specific elements of addictive behavior as opposed to merely investigate drug reinforcement. In particular, efforts have been directed to identify whether the DSM-IV criteria for diagnosis of drug addiction can be modeled in an animal. 2 The landmark study of Deroche-Gamonet et al. 47 is an example of this new strategy for investigation of drug addiction. The authors used intravenous self-administration of cocaine to investigate whether addiction-like behaviors could be observed in rodents. They showed that behaviors that resemble three of the essential diagnostic criteria for addiction (difficulty stopping or limiting drug intake; extremely high motivation to take the drug, with activities focused on its procurement and consumption; and continued substance use despite its adverse consequences) can be modeled in rats trained to self-administer cocaine.
Escalation of drug use is characteristic of the transition from occasional drug use to addiction. Long extended access (binge, see above) has been widely used to demonstrate the escalation of drug intake, especially of cocaine and ethanol. Rats with extended access to drug self-administration gradually increase their intake over the course of days, in a manner that is not directly related to tolerance. For example, rats with extended access (6 hours/day) to cocaine self-administration gradually increased their cocaine intake across days, whereas those with limited drug access (1 hour/day) maintained remarkably stable rates of drug self-administration, even after several months of testing. 48, 49 The escalation of cocaine intake with extended access to the self-administered drug has been reported in several reports. [50] [51] [52] Rats that displayed escalated cocaine self-administration also showed increased motivation for the drug, as evidenced by increased breaking points in PR schedules, 53 which models another behavioral characteristic of addictive behavior.
Compulsive drug use despite adverse consequences has also been modeled in preclinical studies. In these studies, the behavior of seeking or taking drugs was paired with a negative stimulus. For example, Vanderschuren et al. 54 showed that pairing an aversive CS (foot shock) with cocaine self-administration suppressed drug-seeking behavior in rats with limited cocaine self-administration experience, but not in rats that had had previous prolonged access to cocaine taking.
In studies using oral ingestion of drugs, especially ethanol, the intake of a solution containing bitter-tasting quinine is commonly used as the aversive stimulus. 55 The addition of quinine to an ethanol solution that had been previously available to rats for 3--4 months did not reduce their intake of ethanol despite the bitter taste of quinine. 56 Similarly, Lesscher et al. 57 reported that mice became indifferent to quinine after prolonged access (8 weeks) to ethanol, as they drank equal amounts of ethanol from bottles with and without quinine at an aversive concentration.
Difficulty in abstaining from drug use is also characteristic of drug addiction; this can be studied in laboratory animals by assessing drug seeking in the self-administration model when the drug is no longer delivered in response to a lever press by the animal. This resistance to extinction of the operant behavior has been observed in rats with a history of extended access to heroin or cocaine self-administration. 47, 58 Addiction has characteristics of a chronic relapsing disorder. Indeed, a significant number of addicted individuals relapse to drug-taking even after a prolonged period of withdrawal; thus, a preclinical model for relapse is also important in the study of the mechanisms of addiction. In this sense, de Wit & Stewart 59 reported that non-contingent priming injections of cocaine or reexposure to cocaine-paired cues reinstated lever-pressing behavior following extinction of the operant response. Based on these results, they suggested that their reinstatement model could be used to study factors involved in drug use relapse.
Two animal models have proven especially useful for studying relapse. 60 One is reinstatement of self-administration. 61, 62 The second experimental model to study relapse in animals is the reinstatement of CPP. 46, 63, 64 In these models, animals are first trained to acquire the conditioned response, and then undergo a process of extinction of this behavior. Once the behavior is extinguished, experimental manipulations (i.e., contingent exposure to drug or non-drug stimuli) are imposed and lead to the resumption of a previously drug-reinforced behavior. The apparent similarity of this outcome and relapse has led to the use of this procedure as a model of relapse and as an assessment of craving. 60 A relevant aspect of the reinstatement model is the observation that factors which provoke relapse and craving in humans are also reported to reinstate drug seeking in laboratory animals. These factors include reexposure to the drug or drug-associated cues and exposure to stressors. 65, 66 Exposure to stressful events is considered a major factor responsible for drug relapse. 67, 68 Preclinical studies have shown that stress can reinstate nicotine, cocaine, heroin, and ethanol self-administration. [69] [70] [71] Similarly, several studies have shown that stress exposure induces the reinstatement of opioid-, amphetamine-, cocaine-, and nicotine-induced CPP. 64, [71] [72] [73] [74] There is reasonable evidence to support the face validity of the reinstatement model, but neither its predictive validity nor its functional equivalence have been fully established. 60 
Concluding remarks
This review has summarized some procedures commonly used for the evaluation of abuse and dependence liability. These animal models are widely employed to study the neurobiological and molecular mechanisms of drug taking. Moreover, recent advances in modeling the symptoms of addiction in animal studies, based on the DSM-IV criteria, present an exciting opportunity for study of the neural and genetic background of drug addiction. These new approaches are also excellent tools for the investigation of therapeutic agents to improve coping strategies in the addicted patient.
